Introduction
============

Serotonin (5-HT) is present in the brainstem including the respiratory nuclei, phrenic and hypoglossal motoneurons \[[@B1]\]. Central respiratory activity is mostly mediated by 5HT~1~and 5HT~2~receptors. Moreover, serotonin drives directly hypoglossal motoneurons \[[@B2]\] and plays an important role in regulating hypoglossal motoneuron excitability via 5-HT~2A~receptors. Although present in the carotid bodies \[[@B3]\], serotonin does not trigger the respiratory hypoxic response; however, at the level of the central respiratory system 5-HT influences dynamics of the respiratory response to hypoxia \[[@B4]\]. Brain serotoninergic system through G protein-coupled receptors is an important state-dependent neuromodulator. Serotonin immunoreactive fibers and terminals are demonstrated in the sensory and motor cortex. There is a rich representation of 5-HT~2A~receptors in several cortical areas in frontal, parietal, temporal and occipital lobes predominantly in the Vth cortical layer. The EEG signals origin mainly from postsynaptic potentials generated in this layer of the cortex \[[@B5]\]. Activation of serotoninergic receptors modulates cortical synapses \[[@B6]\] and the dynamics of cortical circuits \[[@B7]\]. Changes in the state of cortical activity influence respiratory activity during anesthesia and affect the respiratory response to hypoxia \[[@B8],[@B9]\]. Previous study has revealed \[[@B10]\] that hypoxic respiratory response was associated with changes in the EEG activity. The effect was more prominent during hypoxic depression of respiration. Since phrenic and hypoglossal motoneuron and cortical output are under modulatory control of serotoninergic system through 5HT~2~receptors, the present study was devoted to determine if serotonin 5-HT~2A~receptors\' activation would be effective in changing the association of the power spectral characteristics of EEG with the respiratory activity during eupneic ventilation and hypoxia. For this purpose an agonist of serotonin 5-HT~2A/2C~receptors 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) \[[@B11]\] was chosen, since its action upon cortical activity is documented \[[@B12]\] and, on the other hand, it also modulates respiratory activity \[[@B13]\]. To reverse DOI effects ketanserin, an antagonist of 5-HT~2A/2C~receptors \[[@B11]\] was used.

Materials and methods
=====================

Animals and Surgery
-------------------

The study was approved by a Local Laboratory Animal Care and Use Committee. The experiments were performed on 11 adult male Wistar rats. Animals were anesthetized with α-chloralose-urethane (75 and 800 mg/kg, i.p., respectively). Following tracheal cannulation, the rats were paralyzed with pipecuronium bromide (Arduan, Gedeon-Richter, Budapest, Hungary) with an initial dose of 0.08 mg/kg, repeated every hour, and were artificially ventilated. The vagus nerves were sectioned in the neck to eliminate the input from lung mechanoreceptors. The C5 phrenic nerve root (Phr) and hypoglossal nerve (HG) were cut at their distal ends and placed on bipolar silver electrodes. Stainless steel screws were positioned in the skull just above the durra (A 2.0, L 2.0). Reference electrode was placed in the frontal skull bone. Right femoral artery was cannulated to record arterial systolic and diastolic blood pressure (BP-2, Columbus Instruments, Columbus, Ohio, USA) and to measure of arterial blood gas content and pH (AVL Compact 2 Blood Gas Assembly, Roche Diagnostics, Graz, Austria). Right femoral vein was cannulated to inject drugs. Rectal temperature was maintained at 37-38°C by a heating pad.

Neurophysiological Recordings
-----------------------------

The activity of phrenic and hypoglossal nerve was amplified, and filtered (5-2500 Hz) with a NeuroLog system (Digitimer, Welwyn Garden, UK) and integrated with a time constant of 70 ms. EEG potentials were filtered at 0.5-50 Hz band pass. Cortical and nerve signals were digitalized at the rate of 500 Hz and 5000 Hz respectively. Data of EEG, raw and integrated nerve signals and arterial blood pressure were captured, displayed and analyzed with Spike 2. v 6 data acquisition system (Cambridge Electronic Design Ltd, CED, Cambridge, UK).

Experimental Design
-------------------

Following the surgical procedure, a half an hour recovery period was maintained to stabilize records. The animals were ventilated with mild hyperoxic mixture to keep the oxygen pressure in arterial blood above 110 mmHg. Such ventilation prevents chemoreceptor stimulation of respiration during control and after hypoxia. The level of blood gases and pH In each experiment the effects of hypoxic ventilation with 11% oxygen in nitrogen were tested three times: in baseline condition, 5 min after DOI and 5 min after ketanserin injection. Hypoxic exposures lasted about 1.5 minutes. DOI, 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (Sigma- Aldrich, Poznan, Poland), a 5-HT~2~agonist, was administered i.v. at a dose of 0.7 mg/kg half an hour after baseline hypoxia. About 20 min after completing hypoxia after DOI, ketanserin (Sigma-Aldrich, Poznan, Poland), a 5-HT~2~antagonist, was given at a dose of 2 mg/kg. Before each treatment with DOI and ketanserin, arterial blood gases were checked and adjusted to baseline values when necessary. In separate 3 experiments, the effects of vehicle on the response to hypoxia were evaluated in the same time regimes.

Data Analysis
-------------

The EEG signal was divided into 5 s epochs and decomposed into four frequency bands: delta (0.5-3.9 Hz); theta (3.9-7.8 Hz); and alpha (7.8-13.7 Hz); beta (13.7-35.2 Hz) in artifact free epochs. The power spectra within frequency bands were examined by means of a Fast Fourier Transform (FFT) analysis. Relative power for each frequency band was calculated as a percent of the control EEG power before each pharmacological treatment within the frequency range of 0.5-35.2 Hz. Absolute and relative EEG power in each band was averaged over periods of time corresponding to the baseline and the respiratory response to hypoxic exposure. Phrenic (A Phr) and hypoglossal nerve (A HG) amplitude, frequency of inspiratory bursts per minute (f) and minute activity (Axf Phr, Axf HG) were calculated and presented as a percent of control. The respiratory response to hypoxia was fractioned into four components: stimulation of breathing (HS), a decline of the response (HD) apnea (HA) and recovery (R). The EEG analysis was performed in the corresponding periods of time. Data were averaged in each fraction and presented as mean ± SE. Alterations in respiratory and EEG activity during hypoxia in the control state and after DOI and ketanserin treatment were assessed with one-way ANOVA analysis. A P-value \< 0.05 was accepted as statistically significant.

Results
=======

Effects of Doi and Ketanserin on Respiratory Activity, EEG, and Arterial Blood Pressure
---------------------------------------------------------------------------------------

Activation of 5HT~2~receptors by systemic administration of DOI at a dose of 0.7 mg/kg depressed phasic phrenic and hypoglossal amplitude simultaneously increasing the frequency of respiratory bursts (Figure [1](#F1){ref-type="fig"}). Low level tonic activity in hypoglossal nerve appeared, while in phrenic nerve tonic activity was not always present. DOI elicited an augmentation of both systolic and diastolic arterial blood pressure (Figure [2](#F2){ref-type="fig"}) and attained its maximum before respiratory and cortical responses. All variables accomplished a stable level during 20 s. Systemic DOI attenuated significantly total EEG power density (Figure [3](#F3){ref-type="fig"}) in comparison to the baseline EEG. A decrease of total EEG power density resulted from a decrease of all frequency bands, except for the alpha band that changed insignificantly.

![**Changes in peak amplitude of integrated activity of phrenic (A Phr) and hypoglossal (HG) nerve and respiratory frequency (f) evoked 5 min after systemic injection of DOI and ketanserin (KS)**. Effects were calculated as a percent of control before administration of agents. All effects were significant, P \< 0.05. Values are means ± SE, n = 8.](2047-783X-14-S4-32-1){#F1}

![**Effect of DOI and ketanserin (KS) administration on systolic (Sys) and diastolic (Dia) arterial blood pressure (ABP) and the maximal response to hypoxia (H) at baseline (C), after DOI and ketanserin**. All effects were significant, P \< 0.05. Values are means ± SE, n = 8.](2047-783X-14-S4-32-2){#F2}

![**Percent changes in power density of total EEG and delta, theta, beta, and alpha frequency bands elicited by DOI and ketanserin (KS)**. Horizontal line denotes the baseline values of power densities equal to 100%. Values are means ± SE, n = 8. All effects were significant save alpha power density after DOI administration.](2047-783X-14-S4-32-3){#F3}

Ketanserin administration at a dose 2 mg/kg elicited opposite effects to DOI. Inspiratory activity increased and frequency of bursts slowed down (Figure [1](#F1){ref-type="fig"}). This effect was accompanied by a significant fall of ABP (Figure [2](#F2){ref-type="fig"}). The amplitude of raw EEG signal and total power density of EEG was augmented (Figure [3](#F3){ref-type="fig"}). The EEG activity attained a higher level than that in the baseline state. The power density in high, alpha, and beta frequency bands increased more than in the low, delta, and theta bands. One-way ANOVA showed a significant effect of DOI and ketanserin application on respiratory, EEG, and arterial blood pressure variables.

Responses to Hypoxia Following DOI and Ketanserin
-------------------------------------------------

Figure [4](#F4){ref-type="fig"} shows a hypoxic respiratory response in the baseline state and the effect of pretreatment with 5-HT~2~agonist and antagonist on this response. In the anesthetized and paralyzed animals, hypoxia introduced during eupneic ventilation evoked a typical increase of phrenic and hypoglossal activity corresponding to hyperpnea and a subsequent decline in response. In some experiments, hypoxic depression of inspiratory activity turned to apnea. In comparison with the phrenic hypoxic response, the biphasic hypoglossal response was more dynamic and attained higher values during stimulation of respiration and attenuated more than phrenic activity during a decline in response. Pharmacological treatment with 5-HT~2~agonist and antagonist modulated both phases of the hypoxic response by changing both magnitude and dynamics of the response.

![**Hypoxic effects on minute phrenic (Axf Phr) and hypoglossal activity (Axf HG) and respiratory frequency (f) divided into the phases of the response in baseline conditions and following DOI and ketanserin (KS) injection**. Abbreviations: C - control value before induction of hypoxia, HS - hypoxic stimulation, HD - hypoxic decline, HA- hypoxic apnea, and R- recovery. Values are means ± SE, n = 8. \*Significant difference between DOI and KS group; \#significant difference between Baseline and DOI group; †significant difference between Baseline and KS group; P \< 0.05.](2047-783X-14-S4-32-4){#F4}

After pretreatment with DOI, the respiratory hypoxic response was reinforced both in terms of initial stimulation and succeeding depression. Hypoxic effects in hypoglossal activity were more marked than those in phrenic activity. Subsequent ketanserin administration reversed the effect of DOI. Phrenic hypoxic response did not vary from the baseline response. The magnitude of hypoglossal response diminished below the baseline response. Respiratory frequency increased during stimulatory phase to a similar level as during baseline hypoxia, but it became strongly reduced during hypoxic decline.

In present study, a decline of the hypoxic response ended very often with apnea. It coincided with the lowest level of the arterial blood pressure in the course of hypoxia. Both, DOI and ketanserin affected arterial blood pressure (Figure [3](#F3){ref-type="fig"}). A decreased of ABP elicited by hypoxia was smaller with DOI pretreatment and severe after ketanserin pretreatment. There was no consistent relationship between an appearance of apnea, used pharmacological agents and level of arterial blood pressure.

Figure [5](#F5){ref-type="fig"} presents effects of hypoxia on EEG power density spectra. Parallel to an augmentation of the hypoxic respiratory response after DOI, the EEG response to hypoxia flattened out in terms of absolute values. Alterations of EEG activity concerned the total EEG and delta power density, while the range of changes in the power density of theta, alpha, and beta rhythm correspond to those during baseline hypoxia. Only changes in the power density of delta frequency band and the power density of total EEG were statistically significant.

![**Effects of hypoxia within the phases of the respiratory response on power density of total EEG and delta, theta, beta, and alpha frequency bands in baseline conditions and following DOI and ketanserin (KS) injection**. Abbreviations same as in Fig 4. \*Significant difference between DOI and KS group; \#significant difference between Baseline and DOI group; †significant difference between Baseline and KS group; P \< 0.05.](2047-783X-14-S4-32-5){#F5}

Ketanserin pretreatment stimulated the EEG response to hypoxia. The theta, alpha, and total EEG power density increased above the baseline hypoxic response; however, these effects were insignificant in comparison with the baseline response. Changes in delta power density were similar to that evoked during baseline hypoxia. During a decline of the hypoxic response and recovery from post-ketanserin hypoxia, changes in total EEG and delta power density were statistically different from those elicited by hypoxia after DOI pretreatment. When strong depression and apnea appeared, EEG activity and power density of all frequency bands became strongly suppressed or almost ceased. In the control and after ketanserin, the difference between the values of power density of all frequency bands during stimulation of respiration by hypoxia and apnea was much greater then that after DOI. There was a positive correlation between the level of hypoxic hypotension and a decrement of EEG power density for all frequency bands.

Administration of vehicle instead of DOI and ketanserin neither changed significantly the baseline activity of recorded parameters nor the hypoxic response.

Discussion
==========

Response to Systemic Administration of 5-HT~2~Receptor Active Agents
--------------------------------------------------------------------

The study have shown that systemic administration of both agonist and antagonist of 5-HT~2~receptors caused parallel, prominent, and immediate changes in the phrenic and hypoglossal activity and EEG activity. Both respiratory and cortical effects of 5-HT~2A/2C~receptors agonist were reversed by 5-HT~2A/2C~antagonist.

The effects of systemic administration of DOI during eupneic ventilation consisted of diminution of phasic phrenic and hypoglossal nerve activity, an augmentation or appearance of tonic hypoglossal nerve activity and an increase in bursts frequency. In general, this respiratory response elicited in anesthetized, artificially ventilated animals corresponded to that evoked in the brainstem-spinal cord preparation \[[@B13],[@B14]\] and following DOI application on the ventral surface of the medulla \[[@B15]\]. Stimulatory effects of a 5-HT~2~agonist on respiratory activity concerned only the respiratory frequency in the present experimental conditions.

In the physiological state, serotonin increases EEG desynchronization and produces an increase in the vigilance level and motor activity by tonic activation of 5-HT~2~receptors \[[@B16]\]. Similarly to unanesthetized conditions, in anesthetized and paralyzed animals EEG reflects changes in the brain state. A decrease in total EEG power density and strong depression of delta power density elicited by 5-HT~2~receptor agonist DOI corresponded to desynchronization of EEG. Conversely, ketanserin increased EEG activity, thus it caused EEG synchronization. Similar effects were reported in anesthetized animals following ritanserin administration, another 5-HT~2~antagonist \[[@B16]\]. DOI-induced reduction in the power of EEG low frequency band oscillations was reversed by ketanserin. It is interesting that DOI did not change significantly the baseline level of alpha band activity, while ketanserin increased it mostly as it does when 5-HT~2~receptors are not activated earlier by an agonist \[[@B17]\].

Beside cortical and respiratory effects, a third prominent effect of systemic administration of 5-HT~2A/2C~receptors acting agents were changes in the arterial blood pressure; DOI increased while ketanserin decreased the arterial blood pressure. Ketanserin is not only a serotonin antagonist, but additionally an alpha-1 adrenoreceptor antagonist \[[@B11]\] and a strong hypotension evoked by ketanserin might result from a blocking action of both types of receptors. DOI does not express alpha-1 adrenergic action. An analysis of EEG power spectra and arterial blood pressure changes in the time course of hypoxia showed a correlation between these two parameters. Such a correlation was present in all studied conditions. Whether the EEG changes evoked by serotonin active agents, DOI and ketanserin, during eupneic ventilation could, in part, reflect changes in arterial blood pressure is difficult to speculate. Hypotension alone induced, for instance, by hypovolemia, when blood gases remain constant, does not affect the EEG amplitude, until a fall of arterial blood pressure bellow 30 mmHg \[[@B18]\].

DOI and Ketanserin Effects on Responses to Hypoxia
--------------------------------------------------

A previous study has demonstrated that the respiratory response to hypoxia was accompanied by changes in EEG activity \[[@B10]\]. The results of the present experiments show that modulation of serotoninergic neurotransmission by DOI and ketanserin altered the response profile to hypoxia of the phrenic and hypoglossal nerve activity. The time course of changes in the total power of EEG signal was related to that of the respiratory response to hypoxia. The EEG power density during the stimulatory phase of the hypoxic response altered slightly, but it became strongly depressed during apnea and then increased during recovery.

An increased hypoxic respiratory response occurred when exogenously activated 5-HT~2~receptors induced the EEG desynchronization. After DOI, when EEG activity was already desynchronized, the initial hypoxic response was associated with only slight EEG changes. Activation of EEG may facilitate a significant decrease in the delta band and total EEG power density that accompanied a decline of hypoxic response, suggesting some further increase of cortical desynchronization. Such an effect may be supportive in terms of mobilization of the system to improve general oxygenation. A depression of respiratory activity during hypoxia is of central origin \[[@B19]\]. This part of the hypoxic cortical response was modulated by 5-HT~2~active agents. A probable contribution of cortical 5-HT~2~receptors to augmented hypoxic respiratory response following DOI may ensue from an increase in glutamate in the cortex, since systemic DOI increases glutamate concentrations in the ventral tegmental area \[[@B20]\] and cortical Fos expression \[[@B12]\].

The question arises of whether there is a common source of 5-HT~2~receptors involved in a relative interaction of cortical and respiratory output. Projections from serotoninergic raphe nuclei to cortical and respiratory structures originating from different parts of raphe nuclei do not designate these midline structures. A more probable site for initiating the serotonin-dependent relationship of cortical and respiratory activity seems the nucleus tractus solitarii (NTS). There are anatomical projections with reciprocal relation between the cortex and the NTS \[[@B21],[@B22]\] and it concerns also serotoninergic cells and terminals. During the respiratory response to hypoxia, information from the carotid body reaches the NTS, releasing glutamate which stimulates ventilation. A recent study has revealed that 5-HT released in the dorsomedial medulla during hypoxia acts on 5-HT~2~receptors and contributes to the initial hypoxic hyperventilation and subsequent respiratory decline \[[@B23]\].

Systemic application of 5-HT~2~receptor active agents evokes a generalized response in several systems in which 5-HT~2~receptors are present. It affects both central and peripheral mechanisms. The present results and hypothetical explanation suggest a necessity of further studies to differentiate between the peripheral and central serotonin 5-HT~2~receptors contributing to the relationship between cortical activity and responses to hypoxia.

In conclusion, serotoninergic neurotransmission through 5-HT~2~receptors modulates the respiratory and EEG activity in eupneic breathing and during episodic hypoxia. Alterations in the cortical state through 5-HT~2~receptor active agents may influence the profile of the hypoxic respiratory response.
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